Abstract: Ergosterol (ERG) is a major sterol constituent of most fungi. Its concentration is negligible in higher plants, but can be used as a chemical marker of the presence of fungal contaminations. In this study, ERG concentration was assessed in randomly collected samples of naturally contaminated grain (wheat, barley and oat) and in samples of grain (wheat, barley, triticale and oat) harvested after inoculation of heads with conidia of different Fusarium species. Wheat samples were analysed at three stages of grain development. The lowest ERG concentration was found in non-inoculated samples at the first stage of grain development. This concentration was increasing with grain ripening. In naturally contaminated samples collected after harvest, ERG concentration was lower in wheat than in barley and oat. ERG concentrations in inoculated samples varied significantly, but were always significantly higher than in naturally contaminated samples. In the above cereal samples it was much lower than the levels assayed in laboratory cultures inoculated with fungi from genus Fusarium. The content of ERG was also analyzed in milling products of small-grained cereals and other foodstuffs, where a considerable variation was observed. The lowest ERG amounts were assayed in flours with a high degree of purification, while the highest ones in case of flours and products with a low purification rate. The results indicate the potential application of HPLC combined with microwave-assisted extraction both when assaying samples with low ERG concentrations (naturally contaminated) and those characterized with high contents of fungal biomass (strongly infected, artificially inoculated). It also facilitates analyses of fungal biomass in technological processes, where results may be expected to vary considerably.
Introduction
Fungal contamination of cereals results in considerable economic losses, because of direct damage to crops, discoloration, off-odours, reduced yields and loss of nutritive value. Ergosterol (ERG; 22E- 7, ) is a sterol occurring in fungi, bacteria, algae and plants (Anonymous 2000) . It was found to be a major sterol in many fungal genera, i.e. Fusarium, Alternaria, Cladosporium, Mucor, Rhizopus, Aspergillus, Penicillium and Paecilomyces (Müller & Schwadorf 1990a ). Most of the above-mentioned fungi can be isolated from grain and other parts of cereals. While some fungi constitute the natural microflora of kernels, others can cause mould invasion and toxic contamination of grain. This is associated with mycotoxin production during growth and crop storage (under European climatic conditions most commonly ochratoxin A and Fusarium toxins), and the harmful effects are observed in both humans and animals (Bottalico 1999; Perkowski 1999; Che lkowski et al. 2001; Šrobárová & Pavlová 2001) . The concentrations of these toxins are usually significantly correlated with ERG content of contaminated grain. For analyzed wheat kernels Abramson et al. (1998) reported values of the correlation coefficient between ERG and deoxynivalenol (DON) to be as high as 0.83. In turn, Wiśniewska & Buśko (2005) reported the correlation coefficient to be 0.91 at significance level P = 0.01. Lower values of this coefficient, statistically significant at P = 0.01, were given for rye grain in a study by Miedaner & Perkowski (1996) . Considerable variation in the correlation between ERG and DON contents in samples of wheat grain and chaff inoculated with F. culmorum was presented by Snijders & Krechting (1992) . For that reason, the development of fast and reliable methods of mould contamination detection is very important in cereal production and processing (Snijders & Krechting 1992; Perkowski & Miedaner 1994; Reid et al. 1999) .
ERG is regarded as the principal sterol of fungi, with the exception of certain Phycomycetes and rust fungi (Gourama & Bullerman 1995) and plays an important role in cell membranes.
Basic methods used to determine amounts of func 2008 Institute of Molecular Biology, Slovak Academy of Sciences gal biomass are direct microbiological methods, immunological methods and those based on molecular biology techniques (Edwards et al. 2002; Mishra et al. 2003) . Chemical methods facilitating analysis of fungal metabolites are widely applied (Williams 1989) . Compounds analyzed most frequently include chitin, ATP and ERG. The assay focused on the ERG content analysis, which is a specific fungus determination method, is most commonly used. Seitz et al. (1977) suggested the use of ERG as a measure of fungal growth. However, these methods require large samples and large volumes of reagents, which excludes their use in case of low-weight samples. The above mentioned problems resulted in the simplification of the ERG determination method by Young (1995) and further modifications of this method.
The presented ERG analysis with the application of HPLC was used to determine fungal biomass especially in, e.g., naturally contaminated cereal grain and in strongly contaminated cereal grain (Seitz et al. 1977; Miedaner & Perkowski 1996; Šrobárová & Pavlová 2002; Wiśniewska & Buśko 2005) , soil (Ruzicka et al. 2000) , feeds (Müller & Schwadorf 1993) , construction materials (Miller et al. 1988) , dusts and aerosols (Axelsson et al. 1995; Saraf et al. 1997; Lau et al. 2006) , as well as foodstuffs (De Sio et al. 2000; Kadakal et al. 2005) .
The aim of this work was to identify the variation in ERG content of low-weight grain samples, naturally contaminated and inoculated with differentFusarium spp., in cereal and food products with a modified method of ERG determination.
Material and methods

Cereal samples
Naturally contaminated wheat, barley and oat samples (1 000 g) were collected from all of the important grainproducing regions in Wielkopolska, Poland. A total of 48 random wheat, 36 barley and 68 oat samples were examined. Wheat, triticale, barley, and oat samples inoculated with different Fusarium spp. (F. culmorum, F. avenaceum, F. sporotrichioides, F. poae) came from inoculation experiments in various parts of Poland and Slovakia conducted in 1997-2002. Wheat kernels, both non-inoculated and inoculated with F. culmorum, at different stages of development were harvested at 3 dates: I -two, II -four and III -six weeks after flowering or inoculation.
Milling products: gruel, flakes and different types of flours, were collected in the Wielkopolska region in retail store chains.
Chemical analysis
Acetonitrile, hydrochloric acid, methanol and pentane of HPLC grade were obtained from Sigma-Aldrich (Germany), while sodium hydroxide, analytical reagent grade, was purchased from Chempur (Poland).
Purified water from the Millipore Milli-QRG system was used throughout the experiments. All liquids used in the Waters-Millipore HPLC system were filtered through 0.2 µm membranes.
Standard ERG (Sigma-Aldrich, USA) was twice re-crystallized from methanol and dried under vacuum overnight at room temperature (Schwadorf & Müller 1989) . Three stock solutions of ERG in methanol were prepared, each containing 20 µg/mL, 50 µg/mL and 500 µg/mL, and stored in a freezer. 
Materials
Sample preparation
The amount of 100 mg ground cereal grain was placed in a 17 mL culture tube, suspended in 2.5 mL of methanol, treated with 0.75 mL of 2 M aqueous sodium hydroxide and tightly closed.
Then the culture tube was placed within a 250 mL plastic bottle, sealed, and placed inside the microwave oven. The sample was irradiated (400 W) for 20 s and after 3 min, for an additional 25 s. After 15 min cooling the content of the culture tube was neutralized with 0.25 M aqueous hydrochloric acid, 3 mL of methanol were added and extracted with pentane (3 × 4 mL), which was carried out within the culture tubes. The combined pentane extracts were evaporated to dryness under a stream of nitrogen. Prior to the analysis, the samples were either dissolved or were not dissolved in 4 mL of methanol, filtered through a 13 mm syringe filter (Fluoropore Membrane Filter 0.5 µm FH), evaporated to dryness with a stream of nitrogen and dissolved in 1 mL of methanol.
Chromatographic conditions
A HPLC (Waters Corporation, Milford, MA, USA) with a UV detector (Waters 486 Tunable Absorbance Detector), a Solvent Delivery System Waters 501 HPLC pump, a Waters U6K syringe loading injector by Waters Corporation, 25 µL (Hamilton, USA) or 100 µL (Kloehn Waters, USA) syringes, stainless steel analytical column 150 mm × 3.9 mm I.D. packed with Nova-Pak C18-dp4 µm. (Waters Corporation, Milford, MA, USA) coupled with a Guard-Pak TM Insert Nova-Pak C18 (4 µm particle size) precolumn (Waters).
The mobile phase consisted of 90% methanol portion and 10% (v/v) of acetonitril and was pumped at a flow rate of 0.6 mL/min. ERG peak was separated at 25
• C and monitored at 282 nm. The total run time was 15.0 min with ERG eluting at 11.15 min.
An example of a chromatogram is presented in Figure  1A -a sample of wheat with ERG concentration of 0.76 mg/kg and Figure 1B -an oat sample with ERG concentration of 6.60 mg/kg.
Calibration curve and estimation of ERG ERG methanolic standard stock solutions and subsequent dilutions were made in appropriate volumetric flasks. The calibration curve for ERG was constructed within the range of 0.1-200 mg/kg. ERG content was estimated by comparing peak areas with those of the external standard. The presence of ERG was confirmed by a comparison of retention times with that of the external standard and/or by coinjection with a standard solution. In case of the recorded values of samples exceeding 200 mg/kg, such a sample was appropriately diluted.
Validation data
The calibration data (the mean, standard deviation -SD, relative standard deviation -RSD, and average accuracy -ACC) for ERG were calculated for cereal grain containing each analyte in five replicates (Table 1) . Reproducibility of ERG determination with the described method was tested with wheat, triticale, barley and oat samples (n=9). Mean values of coefficient of deviation (CV) (in %) were 5.4%, 6.81%, 7.12% and 8.36, respectively. Each analysed sample of 500 g was ground and eleven samples of 0.1 g each were separately extracted and cleaned, to be analysed as separate replicates. In turn, statistics for ERG were calculated for a spike cereal grain containing each analyte (n = 5). The mean absolute recovery (± SD) over the tested range was 96.7 ± 3.64% (RSD 3.76%). The limit of detection for analysed samples was as follows: 0.02 mg/kg in case of wheat and triticale, and 0.03 mg/kg for barley and oat. The limit of quantitation for wheat and triticale was 0.06 mg/kg and for barley and oat it was 0.1 mg/kg, respectively. During the analyses, calibration data (Table 1) showed a wide range of potential application for this method, falling within the range of 0.1-200 mg/kg. The linear regression equation was y = 49331x+500199 (R 2 = 0.9999). An additional argument for the applicability of this method is the small amount of used reagents.
Results and discussion
In the analyses presented in this study a method of ERG determination recommended by Young (1995) was applied after adaptations described in the Material and Methods. The method of ERG determination made it possible to analyze samples of grain and its milling products of small weight, amounting to 0.1 mg/kg. Based on the method of ERG content, determination in plant-originated material was used to analyze 4 groups of cereal grain, i.e.: Group I: grain of naturally contaminated cereals; Group II: grain of inoculated cereals; Group III: grain of cereals after artificial inoculation at various vegetation and development phases; and Group IV: milling products of small-grained cereals.
As a result of analyses several significantly varied results were obtained based on fungal microflora content. During the study ERG content was assayed in grain of different species of naturally contaminated small-grained cereals. The results are presented in Table 2. On the basis of the recorded results it may be stated that the lowest mean ERG concentration was 1.26 mg/kg for wheat, it was higher for barley, amounting to 2.39 mg/kg, while it was highest for oat, i.e. 8.69 mg/kg. When analyzing ERG content in grain the lowest mean ERG concentration was observed in case of naturally contaminated wheat grain at different stages of development, amounting to 1.04 mg/kg (Table 2 ). In their study Müller & Schwadorf (1993) reported data on ERG concentration in naturally contaminated wheat grain, which in this case amounted to 3.40 mg/kg. In turn, Müller & Lehn (1988) gave the concentration of this metabolite in wheat grain as 2.48 mg/kg, whereas Schnürer & Jonsson (1992) reported 4.40 mg/kg. In the case of ERG concentration of naturally contaminated oat, those authors recorded the mean concentration of 8.69 mg/kg, while Müller & Lehn (1988) found 3.06 mg/kg. In grain of naturally contaminated barley, which was analyzed by the authors of this study, the ERG content was 2.39 mg/kg, Müller & Lehn (1988) reported for superior grade barley grain the value of 2.14 mg/kg, while for poor grade grain it was 2.55 mg/kg. Based on data concerning the correlation between Fusarium toxin contents and ERG content in grain, it may be concluded that trichotecene contents is significantly correlated with ERG content. However, higher correlation coefficients were recorded in case of inoculated samples as the content of microflora was higher. For example, for 15 wheat cultivars inoculated with F. graminearum the correlation coefficient was 0.92 (Muthomi et al. 2002) . However, in case of naturally contaminated samples correlations were lower, although also significant .
Apart from naturally contaminated kernels of small-grained cereals, also their milling products were analyzed (Table 3) . In all tested samples the mean ERG content remained at a relatively low level ranging from 0.12 to 3.38 mg/kg. Low ERG concentrations were recorded in flours with a high degree of purification, while higher levels were found in flours of lower milling grades. When comparing the results reported in this study with literature data we may state that, e.g., for wheat flour Müller & Schwadorf (1993) found concentrations ranging from 4.0 to 35.8 mg/kg, while Müller et al. (1994) reported 11.7 mg/kg; for corn flour Maupetit et al. (1993) reported the levels from 3.0 to 5.0 mg/kg. On the basis of the above results it may be suggested that ERG concentration in the presented investigations was lower than in the studies cited above.
Thus it seems justified to classify grain quality based on ERG concentration. In studies presented by Müller & Schwadorf (1990b) and Maupetit et al. (1993) it was suggested to adopt the range of ERG concentration from 1 to 9 mg/kg as the range of concentration assumed for healthy grain. This range in view of the published data seemed justified, however, Schnürer & Jonsson (1992) assumed 3 mg/kg as the boundary value for bread grain for human consumption. Since cereal grain is the staple material in the production of food and feeds the postulate of ensuring the lowest possible ERG concentration in intermediate products and final foodstuffs seems fully justified.
Apart from the above studies, ERG content was also analyzed in samples of cereals inoculated in the field.
Results presented above indicate varied contents of fungal biomass. It results from different pathogenicity of isolates used in inoculation. It has implications presented in numerous papers (Snijders & Perkowski 1990 , Gilbert et al. 2001 , Šrobárová et al. 2007 ), which may be observed in each analyzed cereal species.
The highest ERG concentration was recorded (Table 4) for oat inoculated with fungus F. sporotrichioides, as it amounted to 100.62 mg/kg, while the lowest, i.e. 23.31 mg/kg, was found for wheat inoculated with F. culmorum.
It may be seen from the presented results that despite the use of the same isolates different cultivars and genotypes exhibited varying resistance to grain infestation with fungal pathogens. For example triticale contained from 2.10 to 97.90 mg/kg ERG, depending on the cultivar.
When analyzing ERG content in wheat grain after inoculation with fungus F. culmorum (Table 5 ) it was found that with an increase in vegetation time of this cereal increasing amounts of this metabolite were found in its kernels.
It was also decided to determine fungal biomass content under laboratory conditions. Thus, standard biosynthesis was run on autoclaved rice. A considerable variation was found in ERG content after inoculation with randomly selected isolates from the collection of the Institute of Plant Genetics (Polish Academy of Sciences), i.e. F. culmorum and F. equseti. ERG concentration ranged from 159 to 833 mg/kg for samples of rice inoculated with F. culmorum (n = 8), while for rice grain inoculated with F. equseti it was from 612 to 895 mg/kg (n = 4).
The results presented here indicate a considerable analytical potential of the proposed method. It is suitable for analyses of all types of samples of small-grained cereals, both naturally contaminated and inoculated. It may also be used to determine the contents of fungal biomass in grain under laboratory conditions. Data recorded and presented in this study give a detailed picture of fungal biomass content in grain and on this basis they facilitate its classification depending on the rate of its infestation. This simple and relatively easy method of ERG analysis is likely to be commonly applied at specialist laboratories conducting grain analyses.
